A series of trigonal bipyramidal Fe(CO) 4 L complexes has been prepared and characterized by infrared, 57 Fe Mössbauer and 31 P NMR spectroscopy. A linear correlation, with a negative slope, between the CO stretching frequencies and the isomer shifts demonstrates that the triple bond nature of the carbonyl ligands is strengthened with increasing iron-to-phosphorus back donation. The linear dependence of the quadrupole splittings on the isomer shifts with a positive slope has revealed that the cr-donor capability of the phosphine or phosphite ligand is offset by the ^•-acceptor capability. The formation of Fe(CO) 4 L complexes from the corresponding free ligands is accompanied by a downfield shift of 31 P NMR chemical shifts. The coordination shifts are linearly correlated with the Mössbauer isomer shifts.
Introduction
A wide range of trigonal bipyramidal iron carbonyls of the type [Fe(CO) 4 L] (L = phosphine or phosphite) provides a good opportunity for studying the influence of changes of the axial ligand on the electronic structure of the central iron atom. In these monosubstituted trigonal bipyramidal complexes, the ligand L spans a considerable range in their bonding capabilities to evaluate the effect of the substituted ligand on the bonding properties of the carbonyl ligands. The CO stretching frequencies [1] , Fe-C bond lengths [2] , 31 P NMR chemical shifts [3] , 13 C NMR chemical shifts [4] , and >7 Fe Mössbauer parameters [5] have been extensively investigated to probe the bonding properties of the carbonyl ligand in the derivatives of pentacarbonyliron. In spite of considerable interest in the different kinds of spectroscopic investigations on Fe(CO) 4 L complexes, systematic studies dealing with the correlation between spectroscopic parameters have received relatively little attention. In the present work we have prepared a series of structurally closely related complexes of the type [Fe(CO) 4 L] in an attempt to characterize the Fe-P bond by measurements of the infrared, -^Fe Mössbauer, and 31 P NMR spectra. Our * Reprint requests to Prof. Dr. E. Fluck.
Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0932-0776/87/0500-0553/$ 01.00/0 approach has been to carefully vary the axial ligand within a group of phosphines or phosphites and monitor the electronic state of the central iron by spectroscopic methods. Studies of this kind may help in understanding the factors that determine the electronic structure in iron carbonyls axially coordinated by the phosphine or phosphite ligand. In addition, our particular interest is to obtain some insight into the correlation of the Mössbauer parameters to the CO stretching frequencies and the 31 P NMR chemical shifts.
Experimental
Pentacarbonyliron, dodecacarbonyliron, phosphines and phosphites were obtained from Strem Chemicals Inc. and used without further purification. All the solvents were of reagent grade and generally used as received. All manipulations were carried out under an atmosphere of dry nitrogen or argon to prevent oxidation of compounds. The monosubstituted ironcarbonyls of the type [Fe(CO) 4 L] were prepared according to literature methods [6] . Only a representative method is described here for [Fe(CO) 4 P(p-C 6 H 4 CH 3 ) 3 ] because the preparative methods were almost the same for all other complexes. A 1:10 mixture of P(/?-C 6 H 4 CH 3 ) 3 (0.50 mmol) and Fe(CO) 5 (1.50 mmol) was irradiated with a 24 watt UV lamp of Wako Electric Co. for 5 h. The reaction mixture was extracted with 100 cm 3 of benzene and evaporated to dryness under reduced pressure. The complexes obtained were 57 Fe Mössbauer, and 31 P NMR Spectroscopic Characterization of Fe(CO) 4 L purified by chromatography on an alumina column eluted with hexane/benzene (4:1). The 57 Fe Mössbauer spectra were measured against a 10 mCi 57 Co source in Pd foil (The Radiochemical Centre, Amersham, England) using a Wissel constant-acceleration transducer. The absorber temperature was lowered to 77 K while the 57 Co source was kept at room temperature. The spectra obtained were fitted to Lorentzian curves with an iterative least-square computer program. The isomer shifts are referred to the symmetry center of the sextet of iron foil at room temperature. The proton-decoupled 31 P NMR spectra were taken in the solution of dichloromethane or deuterated chloroform with a Bruker WP-60 or WP-80 instrument at room temperature. The chemical shifts are relative to an external standard of 85% H 3 P0 4 . The infrared spectra were recorded in chloroform solutions of the compounds on a JASCO A-3 infrared spectrophotometer. The calibration of wave numbers was carried out using polystyrene film.
Results
Three strong absorption bands were observed for all the Fe(CO) 4 L complexes in the CO stretching region. The three vCO stretching modes assigned according to the literature [7] are referred to as Aj(ax), A^eq), and E(eq) in Table I . The metal-ligand stretching and bending modes such as vFe -C, vFe -P, c3Fe -CO etc. were not presented because it is very difficult to unambiguously assign them due to the overlapping with the absorption bands of the phosphine or phosphite ligands. Typical Mössbauer spectra of the Fe(CO) 4 L complexes are shown in Fig. 1 . All the complexes presented here gave a quadrupole-splitting doublet characteristic of monosubstituted trigonal bipyramidal iron carbonyls [8] .
Mössbauer parameters obtained at 77 K are listed in Table I , where the ligands are arbitrarily arranged in the order: alkyl phosphines, aryl phosphines, phosphites, and the others. The isomer shifts range from -0. tion of the phosphine or phosphite ligand to the central iron atom of the iron carbonyls. These so-called coordination shifts Zl (3( 31 P)(complex ligand), defined as d( 31 P)(complex) -c3( 31 P)(free ligand) are also given in Table I . A downfield shift of 60.6-86.0 ppm was observed for the phosphine complexes, while the phosphite complexes gave a downfield shift of 20.2-51.4 ppm.
Discussion
A series of structurally closely related complexes of the type Fe(CO) 4 L were chosen as model compounds to study the Fe-P bond by the different spectroscopic methods. The selection rule of the infrared spectra clearly showed that all the model complexes in a dichloromethane solution approximately belong to the C 3v symmetry group. An axial-equatorial exchange of the ligands neither occurs with a significant speed in the infrared spectroscopic time scale nor for a rotation of the phosphine or phosphite ligand about the C 3 axis of the trigonal bipyramid. Riley and Davis [9] demonstrated by X-ray crystallographic analysis that (triphenylphosphine)tetracarbonyliron maintains approximate C 3v symmetry in the solid state although the environment of the central iron atom is slightly distorted from the trigonal bipyramidal geometry. Thus, the stereochemical arrangement is expected to show essentially no gross differences for all the model complexes of the type [Fe(CO) 4 L]. The bonding system of these model complexes must be consequently the same in both solution and solid state.
Three infrared-active vCO modes, i.e. 2Aj -I-E, were predicted in the CO stretching region because the symmetry group of [Fe(CO) 4 L] is approximated to C 3v when neglecting the functional groups attached to the phosphorus atom. The observation of three vCO stretching bands agrees with this group theoretical prediction. Each of three CO stretching bands shifts to lower energy or smaller wave numbers on going from Fe(CO) 5 to Fe(CO) 4 L. This is consistent with the fact that the ligand L is a better (j-donor and poorer jr-acceptor than a carbonyl ligand. All three vCO stretching bands of the phosphite complexes tend to be observed at higher frequencies than those of the phosphine complexes. This finding is in accord with the general trend that the phosphites possess better jr-bonding ability than the phosphines. In the [Fe(CO) 4 L] complexes, more electron density lies on the iron, so that its excess electron density is delocalized into the antibonding orbitals of the CO groups. Thus, their bond order is lowered and the CO stretching frequencies shift to lower energy. As a result, the complexes of the phosphines, which form poorer jr-bonds, show larger shifts to lower energy than those of the phosphites.
The vCO stretching frequencies clearly increase with the increasing electronegativity of the functional groups attached to the phosphorus atom. The more electronegative groups on the phosphorus ligand atom withdraw the electrons at the d T orbitals of the central iron atom through the jr-back bonding. The electron density reduced at the d jT orbitals is compensated through the flow of the electrons from the JI* antibonding orbitals of the carbonyl ligands to the d T orbitals of the central iron atom. As a consequence, the triple bond nature of the carbonyl ligands is increased with the jr-back donation from the central atom to the phosphorus atom. It is also noteworthy that the vCO stretching frequencies of the triarylphosphine complexes [6] [7] [8] [9] [10] (0.227) [10] . The electron-attracting group at the 4-position strengthens the back donation of the central iron to the phosphorus ligand atom to increase the triple bond nature in the carbonyl ligand, i.e., the vCO stretching frequencies. The 57 Fe Mössbauer isomer shifts of the Fe(CO) 4 L complexes also depend on the electronegativity of the atoms adjacent to the phosphorus atom. The phosphite complexes tend to give more negative isomer shift than the phosphine complexes. This is in good agreement with the infrared spectroscopic conclusion that the 7r-back donation from the d jT orbitals of the central iron to the ligand phosphorus atom is more predominant in the phosphite complexes than in the phosphine ones. However, the isomer shift is a good measure of the a-donor and jr-acceptor capability of the ligand. Both the a-donation of the phosphorus ligand atom and the jr-back donation of the central iron atom lead to an increase in the isomer shift. This synergetic action of the phosphorus-containing ligands indicates that a good a-donor is simultaneously a good ^-acceptor. The electron attracting and electron releasing power of the substituent at the 4-position of the triarylphosphines was expected to influence the electron density at the iron nucleus through the benzene ring and the phosphorus ligand atom. However, the substituent at the 4-position of the triarylphosphines is located so far away from the iron nucleus that the increasing and decreasing order of the Hammett substituent constant is not reflected in the isomer shift.
The relationship between the isomer shifts and the quadrupole splittings is known to provide variable information on the predominance in the a-donor and jr-acceptor capability of the ligands [11] . The quadrupole splittings are plottet against the isomer shifts in Fig. 2 . The quadrupole splittings increase with increasing isomer shifts. This linear correlation with a positive slope indicates that the a-bonding between Fe-P bond is offset by the jr-back donation from the central iron atom to the phosphorus ligand atom.
The vCO stretching frequencies of the three different modes are plotted against the isomer shifts in Fig. 3 . As expected, a linear correlation was obtained for each vCO stretching mode since the isomer shifts are also a measure of the jr-back donation from the d T orbitals to the phosphorus atom. The 7r-back donation diminishes the shielding effect of the 3d T electrons of the central iron atom on the s electrons and leads to a decrease in the isomer shift. Thus, the decrease of vCO stretching frequencies with the increasing isomer shifts indicates that the stronger the back donation to the phosphorus ligand, the more predominant the triple bond nature of the carbonyl ligand. The apical substitution of a carbonyl ligand for a phosphine or a phosphite ligand was ex-pected to more strongly influence the A^axial) stretching mode than the A^equatorial) or E(equatorial) stretching modes. In other words, the change in carbonyl stretching frequencies should be sensitive to the nature of the phosphine or phosphite ligand trans to it. However, all three stretching modes showed almost the same tendency in the dependences of the vCO stretching frequencies on the isomer shifts. This is in sharp contrast to the tendency observed for the axial and equatorial vCN stretching frequencies of Na 3 [Fe(CN) 5 L] (L = phosphine or phosphite) in C 4v symmetry [12] , The above tendency found for the Fe(CO) 4 L complexes revealed that the d jT orbitals participating in the back donation from the central iron atom to the phosphine or phosphite ligand take part in the back donation to the axial carbonyl ligand as well as to the equatorial ligands.
The 31 P chemical shifts are affected by a whole range of different factors including bond rehybridization, steric effects and ring currents [13] . The downfield shift accompanied by the coordination of the phosphorus ligand atom to the central iron atom is mainly due to the deshielding by rehybridization accompanied by the coordination of the phosphorus ligand atom to the central iron atom. The so-called coordination shift is larger in phosphine complexes than in phosphite complexes. This reflects the varying influences of steric and electronic factors on the chemical shift d 3I P even if closely related ligands have been chosen to prepare a series of model complexes [Fe(CO) 4 L]. The free phosphine ligands possess lower chemical shifts than the free phosphite ligands, suggesting that the former must be better a-donors than the latter. Indeed, the coordination shift of the phosphine complexes is large compared to that of the phosphite complexes.
The 31 P NMR chemical shift is dependent on the electronegativity of the functional group adjacent to the phosphorus ligand atom, the hybridization of the atomic orbitals participating in the a-bonding, and the double bond character of the Fe -P bond. On the other hand, the 57 Fe Mössbauer isomer shift depends lineary on the total electron density at the iron nucleus. In view of the theoretical background of both 57 Fe Mössbauer isomer shift and 31 P NMR chemical Table I.) shift, it is very reasonable to expect a correlation between these two spectroscopic parameters [14] , As is shown in Fig. 4 , the isomer shifts are linearly correlated to the coordination shifts although no significant correlation has been established between the isomer shifts and the 31 P NMR chemical shifts of the complexes or the free ligands. This is probably not only due to the electronic effect, but because the steric effect also makes a contribution to the 31 P NMR chemical shift. The bulky groups attached to the phosphorus ligand atom tend to increase the cone angle and consequently decrease the s-character of the phosphorus ligand atom as well as the s-electron density at the iron nucleus. The deshielding through the jr-back donation is responsible for the smaller coordination shift in the phosphite complexes. On the other hand, the larger coordination shift in the phosphine complexes is ascribed to the shielding arising from the reduced jr-back donation. Thus, the linear correlation between the coordination shifts and the isomer shifts is interpreted on the basis of these tendencies.
